Peptide amphiphiles consisting of a hydrophobic alkyl tail coupled to the eight-amino acid GANPNAAG have been studied extensively for their fibre forming properties.
Introduction
Peptide amphiphiles are a versatile class of building blocks with interesting selfassembly characteristics [1] [2] [3] [4] [5] In our group, a specic type of peptide amphiphile has been developed by connecting the short, eight-amino acid peptide with the sequence GlyAlaAsnProAsnAlaAlaGly (GANPNAAG), derived from the CS protein of the malaria parasite Plasmodium Falciparum, 6 to a series of hydrophobic tails.
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The assembly behaviour of these peptide amphiphiles as a function of tail length has been studied in great detail. 10 It was demonstrated that amphiphiles with a short tail (<12 carbon atoms) did not aggregate, and that the peptide part was in a random coil conformation. It is assumed the hydrophobic driving force is not large enough to induce assembly. With a long tail (>18 carbon atoms) the strong hydrophobic interactions caused the formation of random aggregates. For alkyl chains between 12 and 18 carbons long the driving force of the hydrophobic tail was large enough to induce assembly, which was also directed by the hydrogen bonds between the amino acids that contributed to the assembly process. Because of these directional hydrogen bonds, the amphiphiles packed into bres which were stable at room temperature and disassembled reversibly upon heating. However, even though we know how to make and manipulate the bres, [11] [12] [13] [14] the organisation of the peptide amphiphiles in the bres and what kind of conformation the peptide fragment possessed aer bre assembly remained elusive to date. In order to be able to design de novo these kinds of self-assembled architectures, the molecular assembly and the inuence of small changes in the building blocks on the nal assembly have to be fully understood. In this paper we describe our detailed investigations to elucidate the molecular structure of bres derived from the GANPNAAG peptide N-terminally coupled to a 16 carbon atom palmitoyl tail (PA 1, Fig. 1a ).
Possible models for peptide amphiphile packing
In order to obtain more insight into the structure of the peptide amphiphile bres, rst the different possibilities for packing of the peptide amphiphiles, with respect to alkyl chains and peptide head group, were dened. For the alkyl part of the amphiphile two possible packings were considered, one in which the tails at one side of the bilayer do not overlap with the other side, and one in which the tails interdigitate completely (Fig. 1b) . Other packings were considered to be unlikely, because they oen involve unfavourable voids within the brous structure. For the peptide some more conformational possibilities were taken into account. It contains a proline, which, due to its restricted backbone conformation, is in general associated with turns in a protein.
Furthermore, the active conformation of the peptide NPNA, the repeating unit in the CS protein of the malaria parasite Plasmodium Falciparum and the basis of the peptide we employ, has been shown to favour an anti-parallel b-hairpin.
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Hydrogen bonds stabilise the turn, and the side chains are oriented perpendicular to the plane of the turn. Although the peptide GANPNAAG is based on the NPNA motif, the hydrophobic tail introduces additional interactions and therefore the peptide could possibly fold differently from the b-turn observed in NPNA crystals. 15 Therefore other conformations up to the extreme of a stretched peptide were considered (Fig. 1c) . A third important parameter of the bre packing is the directionality of the hydrogen bonds. They may be present along the long or short axis of the bre causing the amphiphile-amphiphile distance in that direction to be $4.5Å. The side chains perpendicular to the hydrogen bonds will give rise to distances between the molecules of at least 6Å. A similar kind of variation in orientation can be found, in case of a turn conformation, for the plane of the turn, in the length or width of the bre. Furthermore, the hydrogen bonds may be in the plane of the turn, as for the crystals of NPNA, 15 or perpendicular to the turn (Fig. 1d ). In the latter case, turn formation is driven by hydrophobic interactions, and side chains of the amino acids are present in the turn. Finally peptide amphiphiles that adopt a turnconformation may pack symmetrically or asymmetrically in the bre, yielding more possibilities to assemble for the folded than for the straight peptide. In Fig. 1e one of the possible asymmetric packings for both hydrogen bond directions is given.
Based on these conformational parameters 12 possible models were considered (A-L), which are summarized in Table 1 . In a rst approximation the symmetry of the packing of the turn conformation peptides has not been considered in these models.
To determine the morphology of the assemblies and to obtain information on the width and height of the bres, a variety of microscopy techniques were employed: transmission electron microscopy (TEM) and atomic force microscopy (AFM) were performed on dried samples, and cryo-TEM on bres in quicklyfrozen solution, to elucidate the morphology in solution avoiding artefacts of the drying-in effects. The secondary structure of the peptide was investigated using circular dichroism (CD) spectroscopy, with which the most important secondary structures in proteins -the a-helix, b-sheet and random coil -can be distinguished. Furthermore, close contacts between nuclei in dried bres were determined using solid state NMR (ssNMR) on amphiphiles labelled with 13 C and 15 N NMR active nuclei. Finally, to determine spacings within the bre, X-ray diffraction was used, both on dried-in samples and bres in solution in conjunction with nuclear magnetic resonance (NMR).
Microscopy

Dried samples
Transmission electron microscopy (TEM) revealed micrometer long, twisted ribbons with a width of about 25 nm (Fig. 2) . The same architectures were observed with atomic force microscopy (AFM) (Fig. 3 ) on glass and fused silica. The bres were observed both in height and in phase mode, showing the presence of assemblies (height mode) and also the difference of material properties between the assemblies and the underlying substrate (phase mode). Typically, in the AFM pictures with mica as a substrate, assemblies of two different heights were visible (most clearly visible in the centre picture of Fig. 3 ). This may be due to a drying effect, or an interaction with the mica. Because of the presence of similar bres on a range of substrates, we concluded that the presence of the brous structures was not due to substrate effects.
Solution samples
The bre formation in solution was conrmed using cryo-TEM measurements. The PAs were again found to be assembled into twisted ribbons, with a width of approximately 25 nm (Fig. 4) and an irregular twist. The relatively large distribution in width of the bres that was observed, shown in Fig. 4b , is probably caused by the low contrast in the cryo-TEM measurements, due to the absence of any staining or shadowing step in the preparation of the samples. The morphology of the bres depends on the molecular packing of the bres, but it cannot be directly correlated to the packing as shown in Fig. 1 from these microscopy pictures. The observed twisted ribbon structure is indicative of bres which consist of stacks with a width of 25 nm which extend in length up to micrometers. Unfortunately, the thickness of the bilayer is too small to be measured reliably with electron microscopy.
Circular dichroism (CD)
The conformation of the peptide moieties was probed using CD spectroscopy. As observed earlier for any GANPNAAG peptide which was modied with an alkyl tail of 14 carbons or longer, PA 1 yielded an enhanced b-sheet-like signal (Fig. 5b) . As a comparison, coupling of a short (or no) tail to the GANPNAAG peptide resulted in a random coil signal in the CD spectrum (Fig. 5a) . 16 The signal at 196 nm is higher than expected for a standard b-sheet signal, because of an interfering linear dichroism (LD) effect, which is caused by a macroscopic orientation of the bres in the solution resulting in an additional contribution to the CD signal. 
H-D exchange measurements
By determining the ease with which protons exchange with solvent it is possible to identify amino acids positioned at the periphery of a protein or peptide assembly. [18] [19] [20] In particular amide protons are amenable to such exchange in a protic solvent. The more solvent-exposed the amide protons are, the faster this exchange is. If a protein is prepared in water, it can be diluted into D 2 O and an exchange of protons for deuterons will take place. For the bres, measuring the exchange rate could elucidate if the peptides are stretched or in a turn conformation. Unfortunately, employing both 1 H NMR and mass spectrometry to detect the H-D exchange, no conclusive results were obtained that might be assigned to a specic molecular architecture.
Solid state nuclear magnetic resonance spectroscopy (ssNMR)
To determine the packing of the amphiphiles and elucidate the local structure of the molecules rst NMR spectroscopy was employed. [21] [22] [23] In particular solid state NMR (ssNMR) on lyophilised samples was used. In ssNMR, the samples are spun very fast around a so-called magic angle (MAS, magic angle spinning) averaging anisotropic interactions to increase resolution. In addition, the presence of protons ( 1 H) shields neighbour atoms such as carbons ( via dipole-dipole interactions, leading to line broadening too. To eliminate this effect, a high radio frequency (RF) 1 H decoupling was used. Under such conditions, spectral resolution in ssNMR is increased and high-resolution measurements can be performed. One way to elucidate the amphiphile packing in the bre is by measuring distances between labelled positions in the molecule. The technique we employed in this study was rotational echo double resonance (REDOR). 23 With this method magnetisation is transferred from 1 H to, in this case, 15 N (see Fig. 6 for the pulse sequence). The magnetisation on nitrogen is dephased for a period s, and rephased aer a p pulse for the same period. Aer that, the 15 N spectrum is recorded. During the period s, p pulses are applied on 13 C which cause dipole-dipole interaction effects on the 15 N spectrum only if the 13 C and 15 N are close enough. The difference between the spectra with and View Article Online without pulses on 13 C is dependent on the inverse cube of the distance between the nitrogen and carbon atoms. Therefore, this technique measures distances reliably up to about 5Å. To employ REDOR, we prepared amphiphiles labelled with NMR-active nuclei. 13 C and 15 N were incorporated at the methyl group of the C 16 tail (I), the nitrogen of the rst glycine (II) and the carbonyl carbon of the last glycine (III, see Fig. 7 ). When the peptide is folded into a perfect hairpin structure, in which hydrogen bridges are present within the molecule (models E-F and I-J), the distance between nuclei II and III is 3Å, close enough to determine using 15 N-13 C-REDOR NMR. Intermolecular close contacts between I nuclei could disclose whether the alkyl tails of the two bilayers were overlapping or not, while possible interactions between I and II or I and III might reveal to what extent the alkyl tails were overlapping. Carbon spectra of naturally abundant PA bres were acquired to determine the effect of several rehydration times, one of the parameters investigated for amyloid bres for which the exact bre structure is extremely sensitive in the bre preparation. 22 These spectra were recorded in a cross-polarisation experiment, in which magnetisation is transferred from protons to carbons and the carbon spectrum was measured. At rst sight, the spectra were similar, but since the spectra had a poor signal-to-noise ratio small structural differences between the samples may not have been resolved.
Aer these experiments on the naturally abundant PAs, single-pulse 15 N spectra of the labelled amphiphiles were acquired. These spectra showed several 15 N resonances, whereas only one was expected since PA 1 possessed only one 15 N label. This suggested that more than one chemical environment was present for the 15 N atoms, which was surprising, since this was not observed in the 13 C spectra. However, since the carbon spectra had a poor signal-to-noise ratio differences among the samples may not have been resolved, as mentioned above. A cause of the difference in the environment of the 15 N nuclei could be damage of the bres due to freezing. 9 Furthermore, the bres can be considered to exist in a kinetically-trapped state, and thus a collection of architectures may be present. Another reason for the observed variety of environments could be the presence of unstructured aggregates in the solution before lyophilisation. To validate this assumption a sample was prepared in which the nal annealing step (heating to 90 C and slow cooling) was omitted, which should result in more disordered bres and consequently yield more and broader peaks. On the other hand, a sample with an expected better dened bre conformation was prepared by centrifugation of the sample, aer which the supernatant was removed prior to lyophilisation. The removal of the liquid should remove dissolved amphiphiles, yielding a sample containing only bres. Of course, it does not exclude the presence of large random aggregates that would still hamper the measurements. Surprisingly, the ultra-centrifuged sample showed broader peaks than the sample in which the annealing step was omitted, while the opposite result was expected. Besides the broadness of the peaks, no additional spectral differences between these samples and the original one were observed. Therefore a variety of environments was also present for the 15 N atoms with these preparation methods.
To examine whether the homogeneity of the bres is affected by the pH at which they are prepared, the PA was dispersed in volatile buffers of three different pHs (4, 7 and 10) and lyophilised. At pH 4, more peaks were observed than under alkaline conditions, indicating a less dened bre (Fig. 8) . This was conrmed using TEM measurements and can be explained from the molecular structure of the PAs. Under acidic conditions, the free carboxylic acid ends of the peptides are protonated and the repulsive forces are reduced. Therefore, the tendency for peptide aggregation will be stronger and the assembly faster, resulting in less ordered bres. Moreover, with decreased repulsive forces, heating to 90 C might not be enough to disassemble the bres, thus also yielding less ordered aggregates. However, a single peak was not observed either for the samples prepared in alkaline conditions, nor for those prepared at low pH -neither preparation method resulted in a single environment for the 15 N atoms.
Despite the fact that none of the conditions that were tried resulted in a single peak 15 N spectrum, a REDOR experiment was carried out to determine the distance between nuclei II and III within one amphiphile. To prevent intermolecular interactions from interfering, we used a 1 : 9 ratio of labelled amphiphile to natural abundance PA. Under these circumstances, only intramolecular interactions are expected to be visible. In the experiment, the signal intensity of an experiment with pulses on carbon was compared to an experiment where these p pulses were omitted, as explained above. The two obtained signals did not differ signicantly, indicating that the two nuclei are far apart. Due to a small signal-tonoise ratio distances larger than 4.7Å could not be determined, and therefore it could only be concluded that the distance between nuclei II and III was larger than 4.7Å, and thus that the peptides could not be in a perfect b-turn conformation, in which the hydrogen bonds are present within the turn.
X-ray diffraction
To determine molecular order in the bres in more detail we turned to X-ray diffraction. Generally, so samples or samples in solution are more difficult to measure than crystalline samples, since these samples are less ordered. Nevertheless, so samples such as bres can still give X-ray diffraction patterns because in these structures the distances of the molecules within bre are highly repetitive. When bundles of bres are present, even the width of a single bre can be distinguished. Both dried-in samples and bres in solution were measured using several set-ups. Since the bres assemble in solution and may change structure due to external inuences -like temperature and pH -we were primarily interested in the architecture of the bre in solution. Changes in structure as a result of external inuences would then be easy to measure as well. However, measuring solid samples was also of interest since rst a much higher concentration of PAs could be obtained, providing a better signal-tonoise ratio, and secondly a possible structural change upon drying of the samples could be investigated.
Small angle X-ray scattering (SAXS)
To investigate 'large' (between 10 and 5000Å) features of the bres, such as the bilayer width, small angle X-ray scattering was used. 24, 25 As can be seen in Fig. 1 , a stretched peptide results in a bre width of approximately 75Å with intercalating alkyl tails and about 95Å when the tails do not overlap. A peptide oriented in a perfect b-hairpin yields a bilayer width of circa 50Å for intercalating and 70Å for non-overlapping tails. In solution the largest observed diffraction peak corresponded with 54Å (Table 2) , suggesting intercalating tails and peptides in a turn conformation (models E, G, J and L, Table 1 ). At these small angles, however, not only repetitive distances but also the so-called form-factor play an important role in the appearance of the diffraction pattern. No higher order reections are discernible, indicating that indeed the form-factor may be the cause of this peak. Furthermore, the 54Å signal is very broad, and may therefore just depict the size of one (non-repetitive) bilayer. Aer drying, a much sharper peak at 73Å was observed instead (Fig. 9a) , suggesting either a bent peptide with non-overlapping tails or a straight peptide with overlapping tails (models A, C, F, H, J and L). The difference in observed bre width between solution and dried samples (54Å and 73Å respectively) can be accounted for by assuming a lower degree of order of solvent-exposed amino acids in the solution samples. Therefore, the very broad 54Å signal, associated with the bilayer, may only have shown the central part of the bilayer because the rest was too exible. On drying, the bres get closer together and pack with several bilayers on top of each other. In this situation, all residues of the peptide are locked in a dened conformation, and the 'real' bilayer thickness can be observed. Amphiphiles freeze-dried from acetic acid were anticipated to be a control with respect to the dried samples, since we assumed that no aggregation would take place in this solvent. Unexpectedly, this solid sample also showed a peak in the X-ray measurements corresponding to a distance of 67Å. Nevertheless, the observed peak was very broad, merely depicting a repeating distance in an un-ordered system. In solution and in dried samples, but not in the PAs lyophilised from acetic acid, peaks were also observed at 18.5Å and 14.6Å. We expect these to be higher order peaks of the bilayer distance (see General discussion section). Table 2 Measured spacings with several X-ray techniques. Dark grey means the distance could not be observed in that particular set-up, while light grey are data which were obtained very close to the beam stop and are therefore less reliable. The last column shows the interpretation of the peaks using model A Fig. 9 Two examples of X-ray diffraction patterns of PA 1. a) SAXS measured using synchrotron radiation on dried-in samples from water (solid line) and acetic acid (dotted line). The inset shows an enlargement of these diffraction patterns. b) Capillary mode measurement measured using Cu Ka radiation of a dried-in sample. 
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Capillary mode measurements
Smaller features of the peptides were investigated in solution, measured in a capillary which was placed in a position perpendicular to a weaker Cu Ka X-ray beam. In contrast to the SAXS measurements, the wavelength could not be tuned and much longer measurement times were needed. Upon lling the capillary, the ow induced partial alignment of the bres. Because this orientation was along the length of the capillary, perpendicular to the beam, as a result distances along the bres could be determined. Furthermore, because of the preferred orientation, the sample did not resemble a completely randomly oriented powder. Therefore the orientation of some interplanar spacings relative to each other could be determined. For example, it was determined that the measured 4.7Å, 4.5Å and 4.3Å distances were oriented perpendicular to the 7.5Å, 10.3Å, 14.6Å and 18.5Å spacings (see below). Aer drying of the solution within the capillary, the sample was measured again, yielding a better-resolved diffractogram (Fig. 9b) . The preferred orientation of the bres in the capillary was lost upon drying. However, no structural change was induced and the circularly integrated diffractogram showed the same peak positions as the solution sample. Conservation of the structure upon drying was also suggested by the microscopy techniques. An overview of observed peaks is given in Table 2 . The peaks at 4.7Å, 4.5Å and 4.3Å support the packing of the peptides into a b-sheet conformation, and should be visible both for the linear and turn conformations. Also the 3.8Å peak is commonly observed in this type of cross b-sheet structures. The 7.5Å, 10.3Å, 14.6Å and 18.5Å peaks are associated with spacings perpendicularly oriented to the b-sheet, that can either be assigned to bilayer dimensions or packing of the peptides in the non-hydrogen bonded direction of the b-sheet.
Reection mode experiments
Samples dried on a silicon plate were measured in reection mode. In this orientation, the measurements did not resolve typical b-sheet distances. TEM and AFM on several substrates showed that the bres were lying with their long axis parallel to the surface, which is therefore the expected orientation on silicon as well. With the long axis parallel to the surface, the repetitive planes within that axis do not cause reection and are therefore not detected. The absence of b-sheet signals suggests that the b-sheet direction is along the length of the bre, thus supporting models A, B and E-H. The peaks that were detected were in line with the other X-ray experiments (Table 2) . A summary of the results of all X-ray measurements is given in Table 2 . In our opinion from these results a possible unit cell can be proposed of 73.5 Â 10.3 Â 4.7Å 3 , which leads us to a proposed model with a stretched peptide and interdigitating tails perpendicular to the long bre axis (models A and C) or a model with the peptide in a turn and tails which were not overlapping (models F, H, J or L). A more elaborate explanation of the results is given in the general discussion.
General discussion
From electron microscopy and AFM, we conclude that the eight-amino acid peptide GANPNAAG assembles into brous architectures in aqueous solution when coupled to an alkyl tail of 16 carbon atoms. The observed twisted ribbons had a width of about 25 nm (determined with cryo-TEM) and were tens to hundreds of micrometers long (as observed with TEM, AFM and cryo-TEM). The possible models for the molecular packing are summarized in Fig. 1 , and result from differences in the overlap of the alkyl tails, conformation of the peptide (stretched or in a b-hairpin) and direction of the hydrogen bond (width or length of bre). If the peptides adopt a b-hairpin conformation, some more possibilities could be considered. The hydrogen bonds may localise in the turn or form perpendicular to the turn, and the peptides may stack symmetrically or asymmetrically in the bre. In Table 3 the reasons to reject models are summarized. CD spectroscopy measurements conrmed the validity of a model in which the peptides are oriented in a b-sheet fashion (as in all of the models A-L).
The diffraction experiments showed a b-sheet packing, which agreed with the CD experiments, but the diffraction data also contained more information. In the reection mode experiments the typical b-sheet spacings of 4.3, 4.5 and 4.7Å were not observed, while they were present in the capillary mode experiments. Distances parallel to the surface are not observable in the reection mode experiments, and therefore the b-sheet direction should be parallel to the surface. In the TEM and AFM the bres were shown to lie at on several substrates, which is therefore also the expected orientation on silicon, the substrate for X-ray reection experiments. The at orientation of the bres combined with the b-sheet signal not being observed suggests that the b-sheet direction is along the long axis of the bre. This was conrmed by polymerisation experiments on similar PAs with a diacetylene moiety in the hydrophobic tail. 8,12,13 Diacetylenes can only polymerise if the distance between adjoining units is approximately 4.5Å, a distance which coincides with the hydrogen bond direction. Since we observed the polymerisation to take place in the long axis direction of the bre, this should be the hydrogen bond direction. Therefore, models C, D and I-L are discarded.
From the X-ray results in solution, the bilayer width seemed to be 54Å, which could be compatible with a model in which the peptide is in a turn conformation (models E-L) and the alkyl tails intercalate (leaving models E, G, I and L). However, with this unit cell the interpretation of the peaks remains unsatisfactory. Either peaks do not really t within the model or are missing. Furthermore, the $73Å observed in the dried samples cannot be accounted for by this model. Therefore, a unit cell of dimensions 73.5 Â 10.3 Â 4.7Å 3 is proposed, which suggests either a bent peptide with non-overlapping tails or a straight peptide with overlapping tails (models A, C, F, H, J and L). The 36.5Å, 25Å, 18.5Å and 14.6Å peaks were accounted for as higher order peaks of the bilayer (see Table 2 ). The smaller width of the bilayer in solution (54Å instead of 73Å) can be explained by assuming less order of the solvent-exposed amino acids in the solution. Therefore, the very broad 54Å peak, associated with the bilayer, only reects the centre part of the bilayer. On drying, the bres get closer together and pack with several layers of the bilayer upon each other. In this situation, all residues of the peptide are locked in a dened conformation, and the 'real' bilayer thickness is visible. The higher mobility of the peptides in solvent seems more likely for a stretched (A, C) than for a bent peptide (F, H, J), but both are possible. Following this argument, models B, D, E, G, I and K become improbable. From the combined X-ray observations, model A seems the most plausible although H is also possible. A drawback of this interpretation of the X-ray measurements is the assumed high order in the bilayer direction. For seventh and maybe even tenth order peaks, observed in the dried samples, to show up, the system has to be highly ordered in this direction, while we expected the bilayer direction to be the least ordered. The solid state NMR measurements excluded the models in which the peptide was folded and the b-sheet was present in a turn (E, F, I and J) which supports the X-ray experiments.
In conclusion, the above-mentioned observations only leave models A and H as possibilities for the amphiphile packing. However, the models in which a turn conformation is combined with non-overlapping tails (models F, H, J and L) would introduce thermodynamically unfavourable empty space into the bre, and are thus considered less likely models. Furthermore, the increased mobility of the bilayer in solvent may be also easier accounted for by stretched peptides than by peptides in a turn conformation. For both of these reasons, model H is less likely, and therefore we are of the opinion that the bres are packed according to model A.
Conclusions
A schematic representation of the bre model that ts all the acquired data (model A) is shown in Fig. 10 . PA bres built up of 1 organise according to this model, which means that the peptides are in a stretched b-sheet conformation, with hydrogen bonds directed along the long axis of the bre, and with alkyl chains that are interdigitated. These single layer bres stack via both hydrophobic and hydrogen bonding interactions into bres of 25 nm width and micrometers in length as observed using TEM and AFM.
Experimental section
General
All starting materials were obtained from commercial suppliers and used as received. Thin layer chromatography was performed on Kieselgel F-254 pre-coated silica plates or RP-8 F-254s. Visualization was accomplished using TDM.
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Column chromatography was carried out on Merck silica gel 60 (230-400 mesh ASTM).
1 H NMR spectra were recorded on a Varian Mercury, 400 MHz. DMSO-d 5 (d ¼ 2.50 ppm) was used as a solvent shi reference. Mass spectra were recorded on a JEOL AccuTOF-CS spectrometer.
Synthesis of the amphiphiles
The GANPNAAG peptide was prepared by standard solid-phase Fmoc protocols. 27 To couple the rst glycine to a p-alkoxybenzy alcohol resin, 28 the resin was washed three times with dichloromethane and subsequently suspended in dimethylformamide (DMF). Two equivalents of the Fmoc protected glycine, 4 equivalents 1-hydroxybenzotriazole hydrate (HOBt), 2 eq. diisopropylcarbodiimide (DIPCDI) and 2 eq. 4-dimethylaminopyridine (DMAP) were added. The suspension was agitated overnight. The suspension was then ltered, washed and dried under vacuum, to result in a resin with a loading of 0.67 mmol Fmoc-Gly per gram.
In all subsequent couplings we used 3 equivalents of the amino acid, 3.3 equivalents DIPCDI and 3.6 equivalents HOBt in DMF. Deprotections were carried out using a 20% piperidine solution in DMF. Aer each coupling and deprotection a Kaiser test 29 was performed to check the completeness of the reactions. Aer removal of the nal Fmoc group the peptide was functionalized on the resin employing 3 equivalents palmitic acid dissolved in dichloromethane to which 3.3 equivalents DIPCDI and 3.6 equivalents HOBT in DMF were added. The product was cleaved from the resin by treatment with triuoroacetic acid/H 2 O/triisopropylsilane (95 : 2.5 : 2.5) for two hours followed by precipitation in ether or removal of the volatiles in vacuo. Column chromatography (eluent: CHCl 3 
Fibre preparation
Unless stated otherwise, for preparation of the bres, the amphiphiles were dispersed in milli-Q water at the desired concentrations. The samples were heated to 50 C for 30 min, followed by 15 min sonication at that temperature. Subsequently, the samples were heated to 90 C and allowed to cool to room temperature.
Transmission electron microscopy (TEM)
TEM samples were prepared by oating a carbon-coated copper grid on a peptide amphiphile solution of either 1.0 or 0.2 mg mL :1 for 5 min, followed by removal of residual water by blotting with a paper lter. The samples were visualized using a JEOL 1010 transmission electron microscope set on an accelerating voltage of 60 kV.
Cryo-TEM
Samples for the cryo-TEM (PA 1 solution of 5 mg mL :1 , prepared following the standard procedure described above) were prepared on carbon-coated copper grids which were treated with ozone to increase their hydrophilicity. A droplet of 3 ml was placed on the grid and excess of sample was blotted with lter paper to leave a thin lm on the grid. This lm was vitried in liquid ethane and analyzed in a Philips TEM (CM 12) at À170 C. The whole sample preparation was carried out in a controlled environment vitrication system to ensure cryoxation of the specimen from a controlled temperature and without loss of water or volatile compounds.
Atomic force microscopy (AFM)
AFM measurements were performed on a DI Dimension 3100. A 5 mL sample of PA 1 with a concentration of 0.2 mg mL :1
, prepared following the standard procedure (see above), was placed on either a mica, a glass or a fused silica substrate and allowed to dry. The data were processed using the WSxM soware package. 30 
Circular dichroism (CD) spectroscopy
Measurements were carried out at a concentration of 0.2 mg mL :1 using a 1 mm quartz cell. The spectra were recorded on a JASCO J-810 spectropolarimeter equipped with a Jasco PTC-423S/L Peltier type temperature control system. Spectra were measured from 265-185 nm at 100 nm min :1 . To measure temperature curves, a heating or cooling rate of 3 C min :1 was used. During the heating and cooling the CD intensity was measured at 196 nm.
X-ray diffraction
Small angle X-ray scattering SAXS experiments were conducted on the SAXS station (BM 26.2) at the DutchFlemish beamline (DUBBLE) at the European Synchrotron Radiation Facility in Grenoble, France. During the experiments the ESRF was running at 170 mA, and the monochromator of the SAXS station was set at 1.24Å. A measuring window from 10 to 200Å was employed, using a wavelength of 0.95Å. SAXS data of bres with a concentration of either 10 or 20 mg mL :1 in 2 mm diameter capillaries were recorded with the gas multiwire 2-dimensional detector at a sample to detector distance of 1.5 m. The data were successively normalized for absorption and detector uniformity; the background scattering due to the solvent and empty capillary was subtracted. Spatial calibration was performed with silver behenate,
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with an estimated error margin of AE0.5 % in the observed periodicities.
Capillary mode
X-ray diffraction data in the capillary mode set-up were recorded on a Mar Image Plate using Cu Ka radiation from a BrukerAXS FR591 generator with a rotating anode and Montel 200 mirrors. A 10 mg mL :1 solution of the amphiphile was inserted into a capillary. The samples were measured in the solution state, but were also allowed to dry under ambient conditions. The capillaries were placed in a position perpendicular to the X-ray beam and at a distance of 250 mm from the detector. Scattering of air and the capillary was subtracted by using in-house soware (VIEW/EVAL).
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Reection mode X-ray powder diffraction in reection mode was performed on dried samples using a Bruker D8 AXS Advance X-ray Diffractometer with a VÅNTEC-1 detector.
The diffractometer was equipped with a Johansson type monochromator. The detector was set at an effective angular region of 2 . The data were collected in reection geometry using monochromatic Cu Ka radiation, 2q range 0.2-60 , stepsize 0.01 and counting time 10 s.
Solid state nuclear magnetic resonance (ssNMR) spectroscopy
General
For the ssNMR measurements, amphiphiles with three NMR active nuclei were synthesized following standard solid phase chemistry and purication as described for the unlabelled compound. The spectra were measured on a 400 MHz wide bore Varian spectrometer with a triple resonance probe ( 1 H, 13 C, 15 N), under magic angle spinning. The magic angle was set using KBr, and adamantane was used as reference.
Rehydratation
Fibres from unlabelled amphiphiles were prepared following the standard method with a concentration of 2 mg mL :1 , followed by freeze-drying and rehydratation of the sample in a humid environment for 0, 1 and 3 h. 13 C spectra were measured using cross-polarisation and under 3.5 kHz magic angle spinning. The 90 pulse on protons was 2.4 ms, the contact time 2.2 ms. Proton decoupling was performed at 75 kHz, using a TPPM sequence, with pulses of 35 with a length of 6.3 ms.
Variation of preparation method
The 15 N spectra of 100 % labelled bres prepared via several methods (a-d) were compared. a) PA 1 (2 mg mL :1 ) was prepared following the standard method and freeze-dried. b) PA 1 (2 mg mL :1 ) was prepared following the standard method, but omitting the heating step to 90 C and lyophilised. c) PA 1 (2 mg mL :1 ) was divided into six fractions which were ultra-centrifuged at 50 rpm, applying a force of 302 g. The pellets were combined and lyophilised. d) PA 1 was prepared at a concentration of 2 mg mL :1 using the standard method but using buffers with a concentration of 0.2 M instead of milli Q water as solvent (pH 4: ammonium acetate-acetic acid; pH 7: ammonium carbonate-acetic acid; pH 10: ammonium carbonate-ammonia). Nitrogen spectra were measured aer lyophilisation. 15 N, and the RF eld strength of 1 H was set to 60 kHz. The proton decoupling power and decoupling time were in general about 100 kHz and 5 ms respectively, the decoupling was set using TPPM with an angle of about 17 and a time of about 5 ms. All these parameters were optimised for all experiments. The number of transients was between 11000 and 43000 spectra.
REDOR experiments
For the intramolecular close-contact measurements a solution consisting of 10 % labelled and 90 % unlabelled amphiphile (total concentration 2 mg mL :1 ) was used to prepare the bres following the standard method. The measurements were performed with 9 kHz magic angle spinning speed, and the pulse sequence described by Jaroniec et al. 23 A cross polarisation time of 2 ms between 1 H and 15 N was used. A TPPM proton decoupling was used with an angle of 15 for 6.25 ms.
The 180 pulse on 13 C was determined to be 12.5 ms (RF strength of 39.9 kHz).
